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Abstract: Codonopsis pilosula, commonly known as Dangshen, is a valuable medicinal plant, but
its slow growth and susceptibility to environmental stress pose challenges for its cultivation. In
pursuit of sustainable agricultural practices to enhance the yield and quality of Dangshen, the present
study isolated a bacterial strain exhibiting plant growth-promoting potential from the rhizosphere of
C. pilosula. This strain was subsequently identified as Bacillus licheniformisYB06. Assessment of its
plant growth-promoting attributes revealed the potential of B. licheniformis YB06 as a biofertilizer.
Whole-genome sequencing of B. licheniformis YB06 revealed a genome size of 4,226,888 bp with a
GC content of 46.22%, harboring 4325 predicted protein-coding sequences. Genomic analysis of B.
licheniformis YB06 revealed a diverse array of genes linked to induced systemic resistance (ISR) and
plant growth-promoting (PGP) traits, encompassing phytohormone production, nitrogen assimilation
and reduction, siderophore biosynthesis, phosphate solubilization, biofilm formation, synthesis of
PGP-related amino acids, and flagellar motility. Seed germination assays demonstrated the positive
effects of B. licheniformis YB06 on the germination and growth of C. pilosula seedlings. Furthermore,
we explored various fertilization regimes, particularly the B. licheniformis YB06-based biofertilizer,
were investigated for their impact on the structure and diversity of the C. pilosula rhizosphere soil
bacterial community. Our findings revealed that fertilization significantly impacted soil bacterial
composition and diversity, with the combined application of B. licheniformis YB06-based biofertilizer
and organic fertilizer exhibiting a particularly pronounced enhancement of rhizosphere bacterial
community structure and diversity. This study represents the first report on the beneficial effects
of B. licheniformis YB06 on both the growth of C. pilosula and the composition of its rhizosphere soil
microbial community. These findings provide a theoretical foundation and practical guidance for
the development of novel bio-organic compound fertilizers, thereby contributing to the sustainable
cultivation of C. pilosula.

Keywords: plant growth-promoting rhizobacteria; Bacillus licheniformis; genome-wide analysis;
biofertilizer; rhizosphere soil bacterial community

1. Introduction

Codonopsis pilosula (commonly known as Dangshen) is a perennial herbaceous species
within the Campanulaceae family. It has a long history of cultivation in East Asia, where its
roots are utilized for both culinary and medicinal purposes [1,2]. The significant medic-
inal value of C. pilosula in traditional Chinese medicine, coupled with its antibacterial,
anti-inflammatory, and anti-cancer properties revealed by modern scientific research, has
spurred growing interest in enhancing its yield and expanding its cultivation [3,4]. Cur-
rently, economical and inexpensive chemical pesticides and fertilizers are widely used to
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increase crop productivity and control plant diseases [5]. However, the excessive appli-
cation of chemical fertilizers and pesticides can lead to a decline in the concentration of
bioactive compounds in medicinal plants like C. pilosula. Furthermore, it can contribute to
the development of pesticide resistance in pathogenic microorganisms, resulting in plant
diseases and a cascade of agricultural and environmental safety concerns [6,7]. The use
of plant growth-promoting rhizobacteria (PGPR) to enhance soil fertility, suppress plant
diseases, and promote agricultural plant growth is a promising sustainable alternative envi-
ronmental strategy [8-12]. Furthermore, the combined application of biofertilizer (utilizing
PGPR as the primary raw material) and organic fertilizer presents a more economically
viable, rapidly effective, and sustainable approach to enhance both the yield of medicinal
plants and the concentration of their bioactive compounds [13,14]. Numerous bacterial
species have been utilized globally as alternatives to conventional fertilizers and chemical
pesticides [15,16]. However, reports on the use of PGPR and corresponding biofertilizers to
enhance the cultivation of C. pilosula remain scarce.

Previous research has demonstrated that certain members of the isolates of the genus
Bacillus possess the capacity to function as potent biocontrol agents and PGPR [17-19].
Bacillus amyloliquefaciens GB03 has been demonstrated to stimulate growth and enhance
abiotic stress tolerance in Arabidopsis thaliana [20]. Bacillus subtilis QST713 is extensively
employed as a biocontrol agent in agricultural practices, notably in the cultivation of
Agaricus bisporus. Han et al. [21] demonstrated that Bacillus velezensis FZB42 exhibits
significant antagonistic activity against Phytophthora sojae, the causal agent of soybean
Phytophthora root rot (PRR). While numerous studies have substantiated the efficacy
of various Bacillus species in promoting plant growth and disease suppression, research
exploring their application in medicinal plants, particularly in the cultivation of C. pilosula,
and their impact on the rhizosphere microbiome remains limited.

To identify plant growth-promoting rhizobacteria (PGPR) suitable for C. pilosula culti-
vation, a promising strain was selected from our lab’s previous collection of bacteria isolated
from the C. pilosula rhizosphere soil. This strain was identified as Bacillus licheniformisand
designated as B. licheniformis YB06. The B. licheniformis YB06 strain was isolated from a spe-
cific ecological niche (the rhizosphere of C. pilosula), and its unique plant growth-promoting
properties and genomic characteristics remain unexplored. The similarities and differences
in functions and genes between this strain and known B. licheniformis strains have yet to be
elucidated. The present study aims to address this knowledge gap by comprehensively
investigating the plant growth-promoting potential, whole-genome sequence, and impact
on the rhizosphere bacterial community of this novel B. licheniformis strain isolated from
the rhizosphere of C. pilosula. Following the selection and identification of the target strain,
the growth-promoting capabilities of B. licheniformis YB06 were systematically assessed
under various conditions. Whole-genome sequencing was conducted, and a comprehensive
analysis of growth-promoting genes and metabolic pathways was performed. Our analy-
sis revealed that B. licheniformis YB06 possesses plant growth-promoting (PGP) potential,
and subsequent experiments demonstrated its ability to stimulate seed germination and
enhance seedling growth in C. pilosula. Furthermore, we explored the combined effects of
a biofertilizer containing B. licheniformis YB06 as the main active ingredient and various
fertilization regimes on the rhizosphere bacterial community structure and diversity in
C. pilosula. Our findings indicate that the combined application of organic and biofertilizers
significantly influenced soil physicochemical properties and bacterial diversity. This study
represents the beneficial effects of B. licheniformis YB06 on C. pilosula seed germination,
seedling growth, and the composition of its rhizosphere soil microbial community. These
findings provide a theoretical foundation and practical guidance for the development of
novel bio-organic compound fertilizers, thereby contributing to the sustainable cultivation
of C. pilosula.
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2. Materials and Methods
2.1. Species Identification and Biological Characteristics Determination of B. licheniformis YB06
2.1.1. Strain Material

Bacillus licheniformisYB06 was isolated from the rhizosphere soil of healthy Codonop-
sis pilosula plants (sourced from Weiyuan County, Gansu Province, China) grown in a
laboratory soil culture room during previous studies (single colonies were isolated via
serial dilution plating and subsequently purified through streak plating). The strain is
currently preserved in the Laboratory of Microbiology and Synthetic Biology, Lanzhou
University of Technology. The C. pilosula seeds used in this study were collected from
Weiyuan County, Gansu Province, China. The seeds had been stored for less than one year
prior to the experiment.

2.1.2. Morphological and Molecular Biological Identification of B. licheniformis YB06

Single colonies of B. licheniformis YB06 were obtained by streak plating on nutrient
agar. Colony morphology was assessed based on size, shape, and pigmentation. Gram
staining was performed using a BKMAMLAB Gram Staining Kit from Changde Bkman
Biotechnology Co., Ltd. (Changde, China). Bacterial genomic DNA was extracted using
the Solarbio Bacterial Genomic DNA Extraction Kit from Solarbio Science & Technology
Co., Ltd. (Beijing, China). The 165 rRNA gene was amplified by PCR using universal
primers 27F and 1492R [22], and the resulting amplicons were sequenced by Guangzhou
Gene Denovo Biotechnology Co., Ltd. (ljamsville, MD, USA). The obtained 165 rRNA gene
sequences were compared with those in the NCBI GenBank database (http://www.ncbi.
nlm.nih.gov, accessed on 15 January 2024) using BLASTn for taxonomic identification.

2.1.3. Determination of Biological Characteristics of B. licheniformis YB06

B. licheniformis YB06 was revived on LB agar plates at 37 °C for 24 h. Activated
culture was inoculated (1% v/v) into LB broth with varying pH (4-10) and NaCl (0-7%)
concentrations and incubated at 37 °C, 180 rpm for 24 h. Growth was assessed at different
temperatures (10-37 °C) using a spectrophotometer. IAA production was quantified
using the Salkowski assay, with a standard curve of 0.5-25.0 mg~L’1 IAA [23]. Siderophore
production was assessed using the CAS assay [24]. Nitrogen fixation was tested on nitrogen-
free JNFb agar plate. The strain cultures were incubated at 37 °C, 180 rpm for 3-5 days.
The nitrogen content was confirmed by a Kjeldahl analyzer. ACC deaminase activity
was assessed using the ninhydrin assay [25]. Hydrolytic enzyme production (cellulase,
xylanase, protease, and amylase) was tested on agar plates containing specific substrates by
inoculating B. licheniformis YB06 and incubating at 37 °C for 5 days [26-28]. For antibiotic
susceptibility, B. licheniformis YB06 was grown to mid-log phase, spread on LB agar, and
tested using disc diffusion with various antibiotics, including rifampicin, kanamycin,
chloramphenicol, ampicillin, tetracycline, and spectinomycin hydrochloride. The D/d ratio
was calculated to assess resistance. The D/d ratio is calculated by dividing the diameter of
the zone of inhibition (D) by the diameter of the antibiotic disc (d). A smaller D/d ratio
indicates a higher level of resistance, while a larger D/d ratio indicates greater sensitivity.

2.1.4. Determination of Plant Growth Promotion (PGP) of B. licheniformis YB06 with
C. pilosula Seeds

A single colony of B. licheniformis YB06 was inoculated into 100 mL LB broth and
incubated overnight at 37 °C with shaking at 180 rpm. The culture was harvested at the
early logarithmic phase (ODgg = 0.6) by centrifugation at 8000 r/min for 10 min. The
cell pellet was washed three times with sterile water and resuspended in sterile water.
The bacterial cell suspension was then serially diluted to obtain ODggg values of 0.25,
0.5, 0.75, 1.0, and 1.25. A bacterial cell density of 1.0 x 108 colony-forming units per
milliliter (CFU/mL) corresponded to an ODg of 1.0. Based on this correlation, cultures
exhibiting ODgq values of 0.25, 0.5, 0.75, and 1.25 were estimated to contain 0.25 X 108,
0.5 x 108,0.75 x 108, and 1.25 x 108 CFU/mL, respectively. C. pilosula seeds were surface-
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sterilized with 2% sodium hypochlorite (NaClO) and 75% ethanol. The sterilized seeds
were then divided into six groups: five treatment groups immersed in B. licheniformis YB06
suspensions at various ODg values (0.25, 0.5, 0.75, 1.0, and 1.25) for 12 h and a control
group immersed in sterile water for 12 h. The treated seeds were subsequently plated
on Petri dishes lined with filter paper moistened with sterile water and a layer of cotton
(50 seeds per Petri dish, a density determined to be optimal for germination and seedling
growth in preliminary experiments). The Petri dishes were then sealed with parafilm
to minimize moisture loss and incubated in a growth chamber maintained at a relative
humidity of 50% for 14 days. The moisture level in the Petri dishes was checked daily,
and sterile water was added as needed to ensure the filter paper and cotton remained
consistently moist.

2.2. Comprehensive Whole-Genome Sequencing of B. licheniformis YB06
2.2.1. Preparation, Sequencing, and Assembly of Genomic DNA

Genomic DNA was extracted from B. licheniformis YB06 using the HiPure Bacterial
DNA Kit (Guangzhou, China). DNA quality was assessed using a Qubit fluorometer and a
NanoDrop spectrophotometer. PacBio long-read and Illumina short-read sequencing were
performed by Guangzhou Gene Denovo Biotechnology Co., Ltd. Continuous long reads
generated by SMRT sequencing were de novo assembled using the Falcon assembler. Raw
reads from the Illumina platform were subjected to quality control using FASTP (V 0.20.0)
with the following parameters: (1) removal of reads containing >10% ambiguous bases (N);
(2) removal of reads with >50% bases having a Phred quality score < 20; and (3) removal
of reads aligning to barcode adapters. The resulting high-quality reads were used to polish
the genome assembly generated by Falcon, and the final genome sequence was determined
using Pilon.

2.2.2. Gene Prediction, Functional Annotation, and Analysis of Plant
Growth-Promoting Information

Gene prediction was performed using the NCBI Prokaryotic Genome Annotation
Pipeline (PGAP). Non-coding RNAs, including rRNAs, tRNAs, and small RNAs (sRNAs),
were identified using rRNAmmer, tRNAscan-SE, and Cmsearch, respectively. Genomic
islands were predicted using IslandPath-DIMOB. CRISPR-Cas systems were identified us-
ing CRISPRCasFinder. Putative prophage regions were detected using PHASTER (PHAge
Search Tool Enhanced Release). Gene annotation was performed by aligning predicted
protein sequences against the NCBI non-redundant (Nr), Swiss-Prot, KEGG, Gene Ontol-
ogy (GO), and Clusters of Orthologous Groups (COG) databases. Additional functional
annotation was conducted using the Carbohydrate-Active enZYmes Database (CAZy),
Virulence Factor Database (VFDB), and the Comprehensive Antibiotic Resistance Database
(CARD). Gene Ontology (GO) terms were assigned to predicted proteins using Blast2GO
software (version: 6.0.0). The genome of B. licheniformis YB06 was further compared with
the GO and eggNOG databases to identify and characterize genes potentially involved in
plant growth promotion.

2.3. Analysis of Rhizosphere Bacterial Diversity of C. pilosula under Different
Fertilization Treatments

2.3.1. Experimental Fertilizers and Soil Substrates

The ternary compound fertilizer, with a nitrogen (N), phosphorus (P), and potassium
(K) ratio of 15:12:10, was supplied by Lanzhou Liuquan Forestry Compound Fertilizer Factory.
Organic fertilizer, primarily composed of composted cow manure (N + P,O5 + KO > 5.0%,
organic matter > 50%, pH 5.5-8.5, moisture > 30%), was sourced from Gansu Runyi
Biotechnology Co., Ltd. The compost was not sterilized before application to simulate field
conditions. The biofertilizer, in granular form, containing a consortium of B. subtilis and B.
licheniformis (viable count > 1.0 x 10 CFU/g, moisture < 10%), was produced by Gansu
Shangnong Biotechnology Co., Ltd. The soil used for the pot experiments was collected
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from a field used for C. pilosula cultivation (consistent with the seed source, Gansu Province,
China). The basic nutrient levels of the pot experiment soil were as follows: total nitrogen
approximately 2.0 g/kg, total phosphorus 0.3 g/kg, total potassium 25 g/kg, available
phosphorus 12 mg/kg, available nitrogen 0.13 g/kg, available potassium 0.14 g/kg, and
organic matter 1.8 mg/kg.

2.3.2. Determination of Soil Physical and Chemical Properties under Different
Fertilization Regimes

Four fertilization treatment groups were established: (1) chemical fertilizer (CF) group:
0.1% compound fertilizer, soil to vermiculite ratio of 4:1, and 0.2 g of urea; (2) chemical
and organic fertilizer (CFOF) group: soil, organic fertilizer, and vermiculite in a ratio of
3:1:1, supplemented with 0.2 g of urea and 0.05% compound fertilizer; (3) nitrogen fertilizer
(NF) group: soil to vermiculite ratio of 4:1, with 0.2 g of urea; (4) organic fertilizer and
biofertilizer (OFBOF) group: soil, organic fertilizer, and vermiculite in a ratio of 3:1:1, sup-
plemented with 0.2 g of urea and 1.0 g of biofertilizer containing B. licheniformis YB06 Each
treatment group consisted of three 1 kg pots, with each pot containing approximately 1 g of
C. pilosula seeds (ensuring equal seed numbers across pots), the respective soil/amendment
mixtures as described, and 55% moisture. The experiment included three replicates per
treatment group. Soil samples were collected after 30 days (three replicates per group).
Soil moisture was determined gravimetrically. For EC, pH, and salinity, 4 g of soil was
mixed with 20 mL of deionized water, shaken, and settled. Supernatant pH and EC were
measured, with salinity calculated from EC. Soil organic matter (SOM), total nitrogen
(TN), total phosphorus (TP), and total potassium (TK) were analyzed after air-drying and
sieving. SOM was determined by the potassium dichromate method [29], TN by the Kjel-
dahl method [30], TP by the molybdenum-antimony colorimetric method [31], and TK by
flame photometry [32]. Available nitrogen (AN), available phosphorus (AP), and available
potassium (AK) were quantified using atomic absorption spectrophotometry [33]. Soil
genomic DNA was extracted using the E.Z.N.A.® Soil DNA Kit, quality was assessed by
agarose gel electrophoresis, and concentration/purity was determined using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) [34].

2.3.3. Extraction of Soil Bacterial DNA and Illumina MiSeq Sequencing

Soil genomic DNA was extracted using the E.Z.N.A.® Soil DNA Kit (Omega Bio-
tek, Norcross, GA, USA). DNA quality was assessed by agarose gel electrophoresis (1%),
and DNA concentration and purity were determined using a NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA) [34]. Paired-end sequencing was
performed on the [llumina MiSeq platform (Illumina, San Diego, CA, USA) following the
manufacturer’s instructions. Sequencing services were provided by Guangzhou Gene
Denovo Biotechnology Co., Ltd.

2.3.4. Data Analysis of Soil Bacterial Diversity

Statistical analyses were performed using SPSS 19.0 software (IBM Corp., Armonk, NY,
USA). A one-way analysis of variance (ANOVA) was used to assess significant differences
among treatments (p < 0.05). Alpha diversity indices were visualized using GraphPad
Prism 9 (GraphPad Software, San Diego, CA, USA). Beta diversity was assessed by principal
coordinate analysis (PCoA) and hierarchical clustering, and redundancy analysis (RDA)
was performed to identify relationships between bacterial community composition and
environmental variables. These analyses were conducted using the BioLadder online
platform (https://www.bioladder.cn, accessed on 10 May 2024). Linear discriminant
analysis effect size (LEfSe) was employed to identify differentially abundant bacterial taxa
among treatments using the Galaxy-based LEfSe online tool (http://huttenhower.sph.
harvard.edu.cn, accessed on 20 May 2024).
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3. Results
3.1. Identification and Biological Characteristics of B. licheniformis YB06
3.1.1. Morphological and Molecular Characterization of B. licheniformis YB06

As shown in Figure 1A, the strain exhibited robust growth on LB agar, forming light
yellow, non-glossy colonies. Gram staining revealed that the cells were Gram-positive rods
(Figure 1B). Phylogenetic analysis based on the 165 rRNA gene sequence confirmed the
taxonomic placement of the strain within the Bacillus licheniformisclade. Phylogenetic analy-
sis based on 165 rRNA gene sequences resolved all Bacillus licheniformisstrains included
in the tree into two distinct clades. Our strain of interest, B. licheniformis YBO06, clustered
closely with the type strain B. licheniformis ATCC 14580 in one clade, while the remaining
B. licheniformis strains formed a separate clade with Bacillus aerius 24K (Figure 1C). Based
on the morphological and molecular characterization, the strain was identified as Bacillus
licheniformisand designated as B. licheniformis YB06.
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Figure 1. (A) Colony morphology of B. licheniformis YB06 on LB agar, (B) Gram staining of B.
licheniformis YBO6 cells visualized under a light microscope (10 x 40 magnification), (C) Phylogenetic

tree based on 165 rRNA gene sequences, showing the relationship of B. licheniformis YB06 (marked
with a red dot) with other closely related Bacillus spp.

3.1.2. Determination of the Biological Characteristics of B. licheniformis YB06

B. licheniformis YB06 growth was significantly affected by pH (p < 0.01), with optimal
growth at pH 7-8 and no growth at pH 4 (Figure S1A). Growth increased with temperature,
peaking at 37 °C (Figure S1B). Optimal growth occurred at 1% NaCl, with inhibition at
concentrations exceeding 11% (Figure S1C). IAA production varied significantly under dif-
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ferent conditions (p < 0.001), peaking at pH 7, 30 °C, and 1% NaCl (Figures 2A and S2A-C).
B. licheniformis YB06 exhibited nitrogen fixation ability (Figure 2B), with efficiency influ-
enced by pH, temperature, and NaCl concentration (p < 0.001), peaking at pH 7, 37 °C,
and 1% NaCl (Figure S2D-F). Siderophore production was observed (Figure 2C), with
optimal production at pH 8 and increasing with temperature (Figure S2G,H). Siderophore
production was maintained even at high NaCl concentrations (Figure S2I). ACC deaminase
production was significantly influenced by environmental conditions (p < 0.01), peaking
at pH 7 and increasing with temperature, and was highest at 1% NaCl (Figure 2E-G).
B. licheniformis YBO06 exhibited amylase activity (Figure 2D,H) and was sensitive to all tested
antibiotics (Figure 2I).
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Figure 2. Assessment of the biological characteristics of B. licheniformis YB06: (A) Qualitative detection
of IAA production by B. licheniformis YB06; (B) Nitrogen fixation capacity of B. licheniformis YB06;
(C) Siderophore production by B. licheniformis YB06; (D) Amylase activity of the B. licheniformis YBO6;
(E) ACC deaminase ability of B. licheniformis YB06 under varying pH conditions; (F) ACC deaminase
ability of B. licheniformis YB06 under varying temperature conditions; (G) ACC deaminase ability
of B. licheniformis YB06 under varying NaCl concentrations; (H) Extracellular enzyme production
capacity; (I) antibiotic resistance evaluation. In (E-G), different lowercase letters above the bars
denote statistically significant differences (p < 0.05) between treatments as determined by Tukey’s
test. Additionally, *** above the figures signifies a highly significant difference, with p < 0.001.

3.1.3. Effect of the B. licheniformis YB06 on the Growth of C. pilosula Seedlings

Figure S3A illustrates the effect of different concentrations of B. licheniformis YB06
on C. pilosula seed germination. A morphological analysis revealed that B. licheniformis
YBO06 treatment influenced root length and thickness in C. pilosula seedlings. The addition
of B. licheniformis YB06 did not significantly affect the final germination percentage of C.
pilosula seeds (Figure S3B). However, at CFU/mL values below 1.0 x 10%, B. licheniformis
YBO06 significantly enhanced the germination potential by 28.75%, 17.54%, and 17.39%,
respectively, compared to the control (Figure S3C). The highest germination potential
(53.33%) was observed at 0.25 x 108 CFU/mL. While B. licheniformis YB06 significantly
enhanced germination potential at lower concentrations (CFU/mL < 1.0 x 108), this positive
effect diminished at higher concentrations (CFU/mL > 1.0 x 10%), suggesting a potential
inhibitory effect at higher bacterial densities. Figure S3D illustrates the significant effect
(p < 0.05) of different B. licheniformis YB06 concentrations on C. pilosula seedling root length.
At0.25 x 108 CFU/mL and 0.5 x 10® CFU/mL, root length increased by 15.91% and 30.19%,
respectively, compared to the control. However, it is important to note that at CFU/mL
values above 0.5 x 108 CFU/mL, B. licheniformis YBO6 treatment exerted a negative impact,
leading to a decrease in root length. The fresh weight of C. pilosula seedlings was also
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significantly affected by B. licheniformis YBO6 treatment, with increases of 8.66%, 19.91%,
12.52%, 15.30%, and 7.91% observed at different CFU/mL values compared to the control
(Figure S3E). The highest fresh weight (2.3 mg) was observed at 5.0 x 107 CFU/mL.

3.2. Whole-Genome Analysis of B. licheniformis YB06
3.2.1. Genomic Features and Comparative Genomic Analysis of B. licheniformis YB06

The complete genome of B. licheniformis YB06 was 4,226,888 base pairs (bp) in size,
with a G + C content of 46.22%. The genome contained 4160 predicted genes, including
4024 protein-coding sequences, 24 rRNA genes organized into three operons (165-235-55),
and 81 tRNA genes.

Figure 3A shows the circular genome map of B. licheniformis YB06. The genes were
classified into 25 COG categories, with a majority associated with functions such as amino
acid transport metabolism, transcription, inorganic ion transport and metabolism, and the
biosynthesis, transport, and catabolism of secondary metabolites. The B. licheniformis YB06
genome was predicted to contain 24 rRNA genes, 81 tRNA genes, and 31 sRNA genes
(Table S1). The rRNA genes were organized into three operons, each containing one copy of
the 16S, 23S, and 55 rRNA genes. The average lengths of the 16S, 23S, and 55 rRNA genes
were 1550 bp, 2930 bp, and 116 bp, respectively, representing 0.29%, 0.55%, and 0.02% of
the total genome length. The average lengths of the tRNA and sRNA genes were 77 bp
and 101 bp, respectively, accounting for 0.15% and 0.07% of the genome. A total of six
genomic islands (GIs), designated GI1 to GI6, were predicted within the B. licheniformis
YB06 genome (Table S2). The total length of these Gls was 158,735 bp, with an average
length of 26,455.83 bp. The number of genes and their putative functions within each GI
are summarized in Table S3. Specifically, GI_1 primarily encodes proteins involved in
nucleotide metabolism and DNA recombination. GI_2 appears to be associated with phage
infection. GI_3 mainly encodes proteins involved in signal transduction and regulation.
GI_4 contains genes related to amino acid metabolism and redox reactions. GI_5 harbors
genes encoding proteases involved in protein degradation and turnover. GI_6 primarily
encodes proteins related to nucleic acid and small-molecule metabolism. The presence of
these diverse Gls underscores the importance of horizontal gene transfer in shaping the
genome of this bacterium, contributing to its adaptability and evolutionary success. The
prediction of Gls provides a theoretical and data foundation for further research to verify
the functions of these GIs and their encoded proteins. This will contribute to elucidating
their specific roles in bacterial physiology, virulence, and environmental interactions. Addi-
tionally, three prophage regions (Prophage_001 to Prophage_003), totaling 127,367 bp in
length, were predicted to be latent prophages in the genome (Table S3). No CRISPR-Cas
systems were detected in the genome of B. licheniformis YB06.

Phylogenetic analysis based on the whole-genome sequence of B. licheniformis YB06
placed it in the same clade as the type strain B. licheniformis ATCC 14580 (Figure 3B).
Comparative genomic analysis revealed a high degree of synteny between B. licheniformis
YBO06 and B. licheniformis ATCC 14580, with a similarity of 97.58% and a coverage rate
of 97.66% (Figure 3C). The analysis identified 18 large-scale syntenic blocks (SYN) and
48 small-scale syntenic blocks (SYNAL) shared between the two genomes. A structural
variation (SV) analysis identified seven duplications, four translocations, and one inversion
in the genome of B. licheniformis YB06 compared to the type strain B. licheniformis ATCC
14580 (Figure 3D). These genomic rearrangements may contribute to phenotypic and
functional differences between the two strains.
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Figure 3. (A) Circular map of the B. licheniformis YB06 genome; (B) Phylogenetic tree based on
the whole genome of B. licheniformis YB06; (C) Synteny analysis between B. licheniformis YB06 and
B. licheniformis ATCC14580; (D) Structural variation (SV) comparison between B. licheniformis YB06
and B. licheniformis ATCC14580.

3.2.2. Functional Genomic Annotation of B. licheniformis YB06 Genome

A total of 2246 genes were annotated against the Nr, Swiss-Prot, Clusters of Orthol-
ogous Groups (COG), and KEGG databases, representing 99.54% of all annotated genes
(Figure 4A). The Nr annotation (Figure 4B) showed that most B. licheniformis YB06 genes
(3692) were similar to Bacillus licheniformis, with 256 genes similar to other Bacillus spp.,
confirming B. licheniformis YB06 as Bacillus licheniformis. The KEGG annotation of the B.
licheniformis YB06 genome identified genes in five major functional classes: metabolism,
genetic information processing, environmental information processing, cellular processes,
and organismal systems (Figure 4C). The 20 most enriched KEGG pathways (Figure S4A)
included metabolism, biosynthesis, flagellar assembly, transporters, and two-component
systems. This suggests a diverse metabolic capacity, including the ability to utilize a variety
of carbon sources and synthesize essential biomolecules. The presence of genes associated
with flagellar assembly and various transporters indicates the potential for motility and
active nutrient uptake, contributing to its adaptation to diverse environments. Notably, the
identification of genes related to nitrogen metabolism aligns with the observed nitrogen
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fixation capability of B. licheniformis YB06, highlighting its potential role in promoting plant
growth and development.

Public database Number of Genes Percentage (%)
CoG 3013 72.43
KEGG 2469 59.35
Nr 4139 99.49
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Figure 4. (A) Summary of genome annotation results; (B) Species distribution annotated in the
Nr database; (C) Bar chart of whole-genome KEGG annotation classifications; (D) Bar chart of
whole-genome COG annotations for B. licheniformis YB06.

The Gene Ontology (GO) analysis revealed that the majority of the annotated genes in
B. licheniformis YB06 were associated with biological processes, followed by cellular compo-
nents and molecular functions (Figure S4B). Figure 4D shows the Clusters of Orthologous
Groups (COG) functional classification of the B. licheniformis YB06 genome. A significant
proportion of genes are associated with fundamental cellular processes, including amino
acid transport and metabolism, transcription, and carbohydrate transport and metabolism.
Additionally, a substantial number of genes are involved in inorganic ion transport and
metabolism, energy production and conversion, and cell wall/membrane biogenesis. COG
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analysis revealed a predominance of genes encoding enzymes involved in amino acid
biosynthesis and catabolism, which participate in nutrient metabolism, secondary metabo-
lite production, and phytohormone biosynthesis. Notably, the high abundance of COG4915
(5-bromo-4-chloroindolyl phosphate hydrolase), an enzyme implicated in indole-3-acetic
acid (IAA) biosynthesis, suggests that B. licheniformis YB06 may promote plant growth
through the production of this phytohormone and other growth-promoting substances.
Carbohydrate-active enzymes (CAZymes) are a diverse group of enzymes involved in
the synthesis, modification, and degradation of carbohydrates. Numerous bacteria utilize
CAZymes to break down plant biomass and generate various growth-promoting com-
pounds. The genome of B. licheniformis YB06 encodes a repertoire of CAZymes, belonging
to six distinct CAZyme families (Figure S5A). The presence of these enzymes suggests
that B. licheniformis YB06 has the potential to colonize plant tissues, elicit plant defense
mechanisms, and protect against microbial pathogens. As illustrated in Figure S5B, the
genome predicts 10 gene clusters associated with the biosynthesis of secondary metabolites.
These secondary metabolite clusters, linked to lipopeptide antibiotics, possess the potential
to inhibit the growth of pathogenic fungi.

Based on annotation results from the Virulence Factor Database (VFDB), we identified
five genes associated with stress response and protein quality control in the B. licheniformis
YB06 genome: clpC, clpB, htpB, clpP, and invA (Table S4). These genes encode proteins
involved in various stress responses and protein quality control, suggesting that B. licheni-
formis YB06 may utilize these mechanisms to antagonize plant pathogens. Annotation of
the B. licheniformis YB06 genome using the Comprehensive Antibiotic Resistance Database
(CARD) revealed the presence of several genes conferring resistance to various antibiotic
classes, including fluoroquinolones, cephalosporins, rifamycins, macrolides, and tetracy-
clines. Additionally, multiple genes encoding multidrug efflux pumps belonging to the
Major Facilitator Superfamily (MFS), Resistance-Nodulation-Division (RND), and ATP-
binding cassette (ABC) families were identified (Table S5). The presence of these antibiotic
resistance genes is consistent with the intrinsic resistance commonly observed in rhizo-
sphere microorganisms. Their presence may contribute to the intrinsic resistance of B.
licheniformis YB06 and could potentially be upregulated under microbial stress conditions,
thus likely contributing to its survival and competitive advantage in the rhizosphere.

3.2.3. Metabolic Pathway Analysis of Plant Growth Promotion in B. licheniformis YB06

As shown in Table 1, B. licheniformis YB06 encompasses various metabolic pathways
and corresponding key genes associated with plant growth promotion. Figure S6 illus-
trates the KEGG annotation results of the carbon metabolism pathway in B. licheniformis
YBO06, identifying key enzymes involved in glycolysis and the synthesis of organic acids,
such as pyruvate kinase (pyk) and acetate kinase (ackA). The KEGG nitrogen metabolism
annotation results of the B. licheniformis YB06 genome are shown in Figure 5A. Enzymes
associated with nitrogen metabolism, such as carbamate kinase (arcC), were annotated.
The genome of B. licheniformis YB06 also contains genes encoding nitrate reductase and
nitrite reductase. The presence of genes encoding nitrate reductase, nitrite reductase, and
related transport proteins suggests that B. licheniformis YB06 can reduce nitrate to nitrite and
subsequently reduce nitrite to ammonium, which can be assimilated by plants. Figure 5B
depicts the tryptophan metabolism pathway in B. licheniformis YB06. The whole genome
of B. licheniformis YB06 contains genes related to IAA synthesis, including formaldehyde
dehydrogenase (ALDH), amidase (amiE), and others. Amidase and formaldehyde dehydro-
genase are key enzymes in the indole-3-acetamide and indole-3-acetaldehyde pathways,
respectively, catalyzing the hydrolysis of indole-3-acetamide and indole-3-acetaldehyde to
indole-3-acetic acid. The pathway reveals that B. licheniformis YB06 can synthesize trypto-
phan, histidine, tryptophan, serine, L-cysteine, methionine, threonine, glutamine, arginine,
ornithine, lysine, valine, leucine, and isoleucine, with all necessary enzymes encoded in
its genome (Figure S7). Figure S8 shows that B. licheniformis YBO06 carries genes encoding
siderophore synthesis, including key genes entA, entB, and entC. B. licheniformis YB06 only
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contains the MbtH gene for side-chain synthesis. Our analysis identified motility-related
genes in B. licheniformis YB06. The genome includes genes for flagellar biosynthesis proteins
such as fIhA, flagellar hook genes fIgK and fIgL, and critical chaperone proteins for flagellar
assembly, such as fliT. Additionally, it contains flagellar proteins flhA, fliD, and flil, which
include the flagellar M-ring protein FIiF, flagellar cap protein FIiD, flagellar biosynthesis
proteins FIhA and FIhB, flagellar motility proteins MotA and MotB, and cluster motility
proteins (Figure S9). Additionally, the genome revealed the presence of chemotaxis-related
proteins and genes (Figure S10), including methyl-accepting chemotaxis proteins (MCPs),
chemotaxis protein methyltransferase (CheR), and sensor kinase (CheA), among others.
The collective presence of these enzymes and proteins is likely to significantly enhance
host-plant perception and recognition, facilitating efficient root colonization and the estab-
lishment of a conducive microenvironment, enabling B. licheniformis YB06 to successfully
colonize the plant rhizosphere.

Table 1. Selected plant growth-promoting pathways and genes.

Pathways Function Genes Details of Genes
Carbon metabolism The glycolysis cycle pyk pyruvate kinase [EC:2.7.1.40]
Organic acid synthesis ackA acetate kinase [EC:2.7.2.1]
SfumC fumarate hydratase, class II [EC:4.2.1.2]
gltA citrate synthase [EC:2.3.3.1]
aceA isocitrate lyase [EC:4.1.3.1]
acnA aconitate hydratase [EC:4.2.1.3]
mdh malate dehydrogenase [EC:1.1.1.37]
sdhB succinate dehydrogenase [EC:1.3.5.1 1.3.5.4]
Nitrogen metabolism Nitrogen metabolism arcC carbamate kinase [EC:2.7.2.2]
gqudB glutamate dehydrogenase [EC:1.4.1.2]
gltB glutamate synthase (NADPH) large chain [EC:1.4.1.13]
glnA glutamine synthetase [EC:6.3.1.2]
nirB nitrite reductase (NADH) large subunit [EC:1.7.1.15]
narG nitrate reductase
narZ nitrite oxidoreductase,
nxrA alpha subunit [EC:1.7.5.1 1.7.99.-]
norB nitric oxide reductase subunit B [EC:1.7.2.5]
Z;iz nitronate monooxygenase [EC:1.13.12.16]
nirD nitrite reductase (NADH) small subunit [EC:1.7.1.15]
Tryptophan metabolism Tryptophan metabolism  ALDH aldehyde dehydrogenase (NAD+) [EC:1.2.1.3]
amiE amidase [EC:3.5.1.4]
katE catalase [EC:1.11.1.6]
atoB acetyl-CoA C-acetyltransferase [EC:2.3.1.9]

Biosynthesis of
siderophore group
nonribosomal peptides

Flagellar assembly

Bacterial chemotaxis

Biosynthesis of
siderophore group entA
nonribosomal peptides

2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase
[EC:1.3.1.28]

bifunctional isochorismate lyase/

entB aryl carrier protein [EC:3.3.2.1 6.3.2.14]
entC isochorismate synthase [EC:5.4.4.2]
mbtH nocl; MbtH protein
Flagellar assembly flhA flagellar biosynthesis protein FIhA
fliD flagellar hook-associated protein 2
flil flagellum-specific ATP synthase [EC:7.4.2.8]
fUiF flagellar M-ring protein FliF
fliD flagellar hook-associated protein 2
Flagellar motor proteins  motA chemotaxis protein MotA
motB chemotaxis protein MotB
Bacterial chemotaxis mcp methyl-accepting chemotaxis protein
cheR chemotaxis protein methyltransferase

CheR [EC:2.1.1.80]
cheA chemotaxis family, sensor kinase CheA [EC:2.7.13.3]
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Figure 5. (A) Nitrogen metabolism pathway in B. licheniformis YB06. (B) Tryptophan metabolism
pathway in B. licheniformis YBO6.

3.3. Physicochemical Characteristics of Soil under Various Fertilization Regimes

Our results revealed significant differences in soil physicochemical properties among
the different fertilization treatments (Table 2). Specifically, pH, electrical conductivity (EC),
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and salinity varied significantly (p < 0.05) among treatments, although the pH values
remained within a relatively narrow range (7.02-7.47). Soil moisture content did not differ
significantly among treatments (p > 0.05). The application of chemical fertilizer (CF) alone
resulted in significantly higher electrical conductivity (EC) and salinity compared to other
treatments, reaching maximum values of 377.33 pus/cm and 0.051 mol/L, respectively.
Soil total nitrogen (TN) and available nitrogen (AN) content also differed significantly
(p < 0.05) among treatments. The nitrogen fertilizer (NF) treatment exhibited the highest
TN and AN levels, with increases of 45.81%, 26.86%, and 36.58% for TN and 28.13%, 25.35%,
and 33.43% for AN compared to the CF, CFOF, and OFBOF treatments, respectively. Soil
total phosphorus (TP) was significantly higher in the CF treatment compared to all other
treatments (p < 0.05). Although not statistically significant (p > 0.05), available phosphorus
(AP) and total potassium (TK) tended to be higher in the OFBOF treatment. Soil organic
matter (SOM) was significantly higher in the CFOF treatment compared to the CF, NF, and
OFBOF treatments, with increases of 42.99%, 35.96%, and 10.08%, respectively (p < 0.05).

Table 2. Physicochemical characteristics of soil under different fertilization conditions.

Grou Hydration H EC Salinity TN AN TP AP TK AK SOM
P (%) P (us/cm)  (mol/L) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mgkg) (mgkg) (mg/kg)
9.31 7.02 377.33 0.051 103.51 86 280.83 0.18 23.02 0.16 2.90
CF + + + + + + + + + + +
0.54 ¢ 0.09 € 9.452 0.042 6.25 ¢ 0.19b 7.042 0.072 232 0.052 0.27b
10.47 7.23 329.33 0.037 139.70 89.33 235.00 0.17 25.94 0.12 5.09
OFCF + + + + + + + + + + +
026" 0.08P 5.03P 0.022 5.73b 7576 2592b 0.042 1.132 0.0012 0.782
9.81 7.47 295 0.025 191.01  119.67 91.46 0.24 25.69 0.104 3.31
NF + + + + + + + + + + +
0.13 bc 0.042 3¢ 0.02 12.412 6.032 2874 0.122 0.46 2 0.058 2 0.19"
11.67 7.41 241 0.029 121.13 79.67 133.68 0.28 26.34 0.1 5.58
OFBOF + + + + + + + + + + +
062 0.02 ab 7d 0.012 0.04 be 8.08P 3.75¢ 0.032 6.322 0.0352 019

Note: Values within a column followed by different letters indicate significant differences (p < 0.05) according
to Tukey’s HSD test. CF: chemical fertilizer; OFCF: organic and chemical fertilizer; NF: nitrogen fertilizer;
OFBOF: organic fertilizer and biofertilizer; EC: electrical conductivity; TN: total nitrogen; AN: available nitrogen;
TP: total phosphorus; AP: available phosphorus; TK: total potassium; AK: available potassium; SOM: soil
organic matter.

3.4. Effects of Different Fertilization Treatments on Rhizosphere Bacterial Diversity of C. pilosula
3.4.1. Analysis of Soil Bacterial Diversity under Different Fertilization Conditions

Figure 6A illustrates the results of the operational taxonomic unit (OTU) clustering
analysis of soil bacterial communities under different fertilization regimes. A total of 2031
OTUs were identified across all treatments. The OFBOF treatment harbored 124 unique
OTUs, while no unique OTUs were found in the other treatments. The highest number
of shared OTUs (158) was observed between the OFBOF and CF treatments. The number
of observed OTUs at each taxonomic level for each fertilization treatment is presented
in Table 3. Fertilization significantly increased the number of OTUs at the phylum, class,
order, family, and genus levels, with the highest OTU richness observed in the OFBOF
treatment. We then assessed the alpha diversity of the C. pilosula rhizosphere bacterial
communities under different fertilization regimes (Figure 6B). The Chaol, Shannon, and
ACE indices, which reflect microbial richness and diversity, were significantly higher
(p < 0.05) in the OFCF and NF treatments compared to the CF treatment, with increases
of 7.41%, 2.67%, and 7.39% for OFCF and 13.22%, 3.99%, and 12.79% for NEF, respectively.
Conversely, the OFBOF treatment showed significantly lower (p < 0.05) Chaol, Shannon,
and ACE indices compared to CF, with decreases of 3.15%, 1.82%, and 2.59%, respectively.
The Simpson index, a measure of community evenness, did not differ significantly among
treatments. The analysis of 3-diversity revealed that fertilization significantly altered the
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bacterial community structure in the C. pilosula rhizosphere. The principal coordinate
analysis (PCoA) based on Bray—Curtis dissimilarity (Figure 6C) showed a clear separation
of the OFBOF treatment from the CF, CFOF, and NF treatments, with the first two axes
explaining 43.15% and 16.7% of the variation, respectively. This indicates that the addition
of the biofertilizer to the organic fertilizer (OFBOF) resulted in a distinct shift in the bacterial
community composition compared to the other treatments. These findings are consistent
with previous studies demonstrating that the application of microbial inoculants can
significantly alter soil microbial community structure. Furthermore, our results indicate
that the soil microbial community structure exhibits differential responses to microbial
inoculants and other fertilizer types. [
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Figure 6. (A) Operational taxonomic unit (OTU) clustering of soil bacteria under different fertilization
regimes. (B) Alpha diversity of rhizosphere soil bacteria associated with C. pilosula under different
fertilization treatments. (C) Principal coordinate analysis (PCoA) based on Bray—Curtis dissimilarity
of soil bacterial communities. (D) Community composition of soil bacteria at the phylum level under
different fertilization regimes. (E) Community composition of soil bacteria at the genus level under
different fertilization regimes. In (B), different lowercase letters above the bars denote statistically
significant differences (p < 0.05) between treatments as determined by Tukey’s test.

Table 3. Summary of bacterial OTU statistics.

Sample Phylum Class Order Family Genus Species
CF 28 84 167 232 342 268
CFOF 28 77 154 219 321 252
OFBOF 28 85 171 235 348 275

NF 29 84 162 220 321 253
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3.4.2. Soil Bacterial Community Structure under Various Fertilization Regimes

The bacterial community composition at the phylum level was similar across all
fertilization treatments (Figure 6D). The dominant phyla were Acidobacteria, Proteobacteria,
Gemmatimonadetes, Actinobacteria, and Chloroflexi, with average relative abundances of
32.94%, 25.55%, 11.55%, 10.34%, and 7.66%, respectively. Bacteroidetes, Nitrospirae, and
Rokubacteria were identified as subdominant phyla. Among them, Acidobacteria was the
most abundant phylum across all treatments, with a consistent relative abundance of
approximately 32.95%. Actinobacteria exhibited the highest relative abundance (12.19%) in
the NF treatment. Compared to the CF treatment, the CFOF treatment resulted in a decrease
in the relative abundance of Acidobacteria and Chloroflexi by 11.67% and 10.10%, respectively
and an increase in Proteobacteria by 1.60%. The OFBOF treatment led to a decrease in the
relative abundance of Acidobacteria and Proteobacteria by 2.19% and 6.53%, respectively,
and a substantial increase in Gemmatimonadetes by 34.06%. The NF treatment decreased
the relative abundance of Acidobacteria by 4.13% and increased that of Gemmatimonadetes
by 12.56%. As shown in Figure 6E, the relative abundance of soil bacteria at the genus
level varied under different microbial fertilizer treatments. An unclassified genus within
the Acidobacteria phylum exhibited the highest abundance across all treatments, reaching
a maximum of 21.76%. The second most prevalent genus was an unclassified genus
belonging to the Gemmatimonadetes phylum, with a relative abundance of 8.44%. To gain
deeper insights into the variations in soil bacterial community diversity across different
fertilization regimes, linear discriminant analysis effect size (LEfSe) analysis was conducted.
The analysis revealed that the primary differentiating taxa were predominantly associated
with the organic fertilizer combined with bio-organic fertilizer (OFBOF), no fertilizer (NF),
and chemical fertilizer (CF) treatment groups (Figure 7A). Notably, the OFBOF treatment
led to a significant enrichment of Deltaproteobacteria and Ambiguous_taxa (purple), while
the NF treatment favored the proliferation of Dongiales (blue). The CF treatment resulted
in a marked increase in Caulobacterales (green), whereas the chemical fertilizer combined
with bio-organic fertilizer (CFOF) treatment significantly promoted the abundance of
Subgroup_6 (an undefined category group) and Pseudonocardia (red) (Figure 7B).

3.4.3. Correlation between Soil Microbial Community Composition and
Environmental Factors

To assess the impact of environmental factors on the soil bacterial community com-
position within the C. pilosula rhizosphere, redundancy analysis (RDA) was employed.
The analysis revealed that variations in soil properties induced by different fertilization
regimes exerted a significant influence on the structure of the soil bacterial community. In
Figure 7C, the initial two axes of the RDA ordination accounted for 30.46% and 20.44%
of the total variance in soil bacterial community composition, respectively. Furthermore,
Spearman rank correlations were employed to evaluate the relationships between the abun-
dance of dominant bacterial phyla and soil physicochemical properties (Figure 7D). The
findings revealed significant negative correlations between Actinobacteria abundance and
soil available nitrogen (AN) and total nitrogen (TN) content. Conversely, Armatimonadetes,
Euryarchaeota, and Nitrospirae exhibited significant positive correlations with soil AN, while
Dadabacteria, Euryarchaeota, Nitrospirae, and Planctomycetes were positively correlated with
both soil TN and total phosphorus (TP). Firmicutes abundance was negatively correlated
with soil TP (p < 0.05). Principal coordinate analysis (PCoA) and RDA results suggested
that fertilization regimes may modulate the impact of environmental factors on bacterial
community structure, particularly within the rhizosphere.
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Figure 7. (A) Phylogenetic tree illustrating the diversity of soil bacteria. (B) Linear discriminant

analysis effect size (LEfSe) plot depicting differentially abundant soil bacteria across fertilization
treatments. (C) Redundancy analysis (RDA) ordination biplot illustrating the relationship between
soil bacterial community composition and environmental variables. (D) Heatmap representing

Spearman rank correlations between abundant soil bacterial taxa and soil physicochemical properties.

In (D), * indicates a significant difference (p < 0.05), ** indicates a more significant difference (p < 0.01).

4. Discussion

4.1. Taxonomic Classification and Biological Characteristics of B. licheniformis YB06

In the present study, a plant growth-promoting bacterium isolated from the rhizo-
sphere soil of healthy C. pilosula plants was taxonomically characterized using a combi-
nation of morphological and molecular approaches. Based on the results, the isolate was
identified as Bacillus licheniformisand designated as B. licheniformis YB06. Bacillus spp. are
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extensively studied as plant endophytic growth-promoting bacteria, renowned for their
capacity to synthesize an array of bioactive molecules. These compounds encompass antimi-
crobial metabolites, siderophores (iron-chelating agents), and various industrially relevant
enzymes, including proteases, amylases, alkaline ribonucleases, and penicillinases [35].
Numerous studies have substantiated the plant growth-promoting (PGP) capabilities of B.
licheniformis. For instance, de O. Nunes et al. [36] reported that B. licheniformis can enhance
tomato growth, while Bhutani et al. [37] identified a salt-tolerant strain, B. licheniformis
MHN 12, exhibiting characteristics similar to our B. licheniformis YB06 isolate. B. licheni-
formis YB06 demonstrated notable tolerance to salt stress, thriving in media containing up
to 1% NaCl. The ability of B. licheniformis YBO06 to tolerate high salt concentrations may
confer an ecological advantage in its natural habitat, enabling it to thrive and promote the
growth of C.pilosula in high-altitude, saline environments. While salt tolerance is common
among rhizosphere microorganisms, this trait also suggests its potential application for
promoting the growth of C. pilosula or other host crops in new areas with elevated soil
salinity, thus expanding the cultivation range of its host plants. Furthermore, Devi et al. [38]
demonstrated the ability of B. licheniformis to promote rice growth and yield, and Liu
et al. [39] documented the positive effects of B. licheniformis on potato growth and water
use efficiency. Based on these findings, we hypothesize that B. licheniformis YB06 may
possess analogous growth-promoting and potentially biocontrol properties. Character-
ization of the biological properties of B. licheniformis YB06 revealed that B. licheniformis
exhibits high stability, with optimal growth occurring at a pH range of neutral to slightly
alkaline and a temperature of 37 °C. C. pilosula thrives in the arid, high-altitude regions of
northwestern China, characterized by intense ultraviolet radiation and significant diurnal
temperature fluctuations. Summer midday temperatures can soar above 35 °C, while night-
time temperatures can drop to around 10 °C. The soil in these regions is predominantly
neutral to slightly alkaline. The growth characteristics of B. licheniformis YB06 indicate
its ability to survive in the natural habitat of C. pilosula [40,41]. The indole-3-acetic acid
(IAA) produced by bacteria not only confers benefits to plants but also indirectly aids
bacterial colonization in the rhizosphere by enhancing plant root biomass [42]. Numerous
studies have demonstrated the IAA production capacity of Bacillus spp. [43—45] and their
ability to fix atmospheric nitrogen, thereby promoting plant growth. Iron, an essential
micronutrient for both plants and microorganisms [46-48], is often sequestered by bacterial
siderophores, which can directly or indirectly enhance plant growth. Direct mechanisms
involve increasing nutrient availability in the soil, while indirect mechanisms include
suppressing pathogen growth by limiting iron accessibility [49,50]. Notably, B. licheniformis
MHN12 has been reported to possess siderophore-producing capabilities [37]. Additionally,
1-aminocyclopropane-1-carboxylate (ACC) deaminase, an enzyme that degrades the ethy-
lene precursor ACC, serves as an indicator of plant growth-promoting rhizobacteria (PGPR)
activity. By reducing ethylene levels, ACC deaminase can alleviate plant stress and enhance
growth [51-53]. Several studies have confirmed the ACC deaminase production capacity of
Bacillus spp. [54-56]. Our investigation revealed that B. licheniformis YB06 consistently pro-
duced IAA, siderophores, fixed nitrogen, and ACC under all experimental conditions. The
maximum values of IAA, siderophore, nitrogen fixation, and ACC deaminase production
under varying environmental conditions were 6.9 £ 0.3 ug/mL, 72.8 &+ 1.7%, 0.33 & 0.01%,
and 32.6 + 0.8U/mg, respectively. This indicates that B. licheniformis YBO6 is a probiotic
with growth-promoting potential. Our subsequent germination verification experiments
with C. pilosula showed that a certain concentration of B. licheniformis solution can promote
the germination and growth of C. pilosula seedlings, significantly promote the germination
potential of C. pilosula, and also significantly increase the root length of C. pilosula seedlings.
This confirms that B. licheniformis YB06 has the ability to promote seed germination and
seedling growth. This is similar to the research results of Medison et al. [57], who found
that B. licheniformis YZCUO202005 can promote the germination of maize seeds. While
our study demonstrates the plant growth-promoting potential of B. licheniformis YB06
and provides insights into its genomic basis, further research is needed to elucidate the
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detailed mechanisms underlying its beneficial effects. Future investigations could focus on
elucidating the molecular pathways involved in growth promotion by B. licheniformis YB06
as well as their regulation in response to plant signals and environmental cues.

4.2. Identification of Growth-Promoting Genes Associated with YB06 via Genome-Wide Analysis

The genus Bacillus is characterized by a wide range of genomic G+C content, span-
ning from 34-35% in B. cereus and related species to 44—46% in B. subtilis and its close
relatives. The genome size of Bacillus spp. also varies considerably, ranging from 3.7 to
6.4 Mb. Notably, the genome size and G+C content of B. licheniformis YB06 fall within
the range observed for other sequenced Bacillus spp. [58]. Phylogenetic analyses based
on 165 rRNA gene sequences and whole-genome comparisons consistently clustered B.
licheniformis YB0O6 with the reference strain B. licheniformis ATCC14580. Comparative ge-
nomic analysis further corroborated this close relationship, revealing the highest degree of
genetic similarity between B. licheniformis YB06 and B. licheniformis ATCC14580. Notably,
B. licheniformis ATCC14580 has been extensively employed in the industrial production of
antimicrobial enzymes [59]. Moreover, numerous studies have documented the capacity
of B. licheniformis to synthesize various industrial enzymes and to serve as an efficient
platform for the production of industrial commodities such as starch [17,60,61]. These
findings collectively suggest that B. licheniformis YB06 may harbor significant potential
for industrial applications. Comparative genomic analysis revealed the presence of struc-
tural variations (SVs) between the genomes of B. licheniformis YB06 and the reference
strain B. licheniformis ATCC14580. Such SVs have been implicated in functional divergence
between bacterial strains. This observation provides a genetic basis for the observed phe-
notypic differences [62]. Other B. licheniformis strains employed in evolutionary analyses,
such as B. licheniformis MTB06, have been reported to produce bioactive compounds and
contribute significantly to the development of flavor compounds in distilled spirits [59].
B. licheniformis DSM13 has been shown to synthesize a diverse array of industrial en-
zymes [63]. Additionally, B. licheniformis SRCM100141 is capable of producing various
secondary metabolites with antimicrobial and plant growth-promoting activities [64]. No-
tably, B. sonorensis, a close relative of B. licheniformis based on 16S rRNA phylogenetic
analysis, encompasses several strains that have demonstrated plant growth-promoting and
biocontrol properties [65-67]. To gain deeper insights into the biological functions of B.
licheniformis YB06, we conducted an in-depth annotation of its key metabolic pathways,
particularly those associated with growth promotion and central carbon metabolism. These
pathways encompass glycolysis, pyruvate oxidation, the pentose phosphate pathway, and
gluconeogenesis [68]. Our analysis of the carbon metabolism pathways revealed that B.
licheniformis YB06 is capable of utilizing a variety of carbohydrates, including glucose,
fructose, xylulose, and ribulose. While no complete nitrogen fixation gene clusters (nif,
anf, or vnf) were identified in the genome of B. licheniformis YBO06, the strain exhibited
growth on nitrogen-free medium, suggesting potential nitrogen-fixing capabilities. One
hypothesis is that the nitrogen fixation genes reside on a plasmid, as reported in some
diazotrophic bacteria [69]. However, further investigation is required to confirm this, for
instance, through the detection of nitrogenase activity or its products. Alternative explana-
tions, such as the utilization of trace nitrogen sources in the medium or other metabolic
pathways, should also be considered. The biosynthesis of indole-3-acetic acid (IAA) in plant
growth-promoting rhizobacteria (PGPR), including Bacillus spp., can occur through five dis-
tinct tryptophan-dependent pathways: the indole-3-acetamide (IAM), indole-3-acetonitrile
(IAN), tryptophan side-chain oxidase (TSO), tryptamine (TAM), and indole-3-pyruvic acid
(IPyA) pathways [70-72]. In the tryptophan metabolism pathway of B. licheniformis YBO6,
key enzymes involved in the indole-3-acetamide (IAM) and indole-3-acetaldehyde (IAAld)
pathways were identified, namely, amidase and aldehyde dehydrogenase, respectively.
These enzymes catalyze the hydrolysis of IAM and IAAld to IAA. The presence of other
IAA-related enzymes, such as aldehyde dehydrogenase, catalase, and acyltransferase, fur-
ther supports the IAA-producing capacity of B. licheniformis YB06, which was confirmed
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experimentally. This observation is consistent with numerous studies demonstrating the
IAA production capabilities of B. licheniformis [37,57]. B. licheniformis YB0O6 possesses a
complete repertoire of genes for the biosynthesis of 14 amino acids, including tryptophan.
This finding aligns with previous research demonstrating the robust amino acid metabolism
capabilities of B. licheniformis, highlighting its potential as an industrial strain for enzyme
production [60,73,74]. Moreover, these amino acids are implicated in the accumulation of
secondary metabolites, have enhanced tolerance to adverse environmental conditions, and
serve as precursors or intermediates for the synthesis of numerous crucial compounds [75].
For instance, arginine acts as a precursor for polyamines, which play a pivotal role in
regulating biological development [76], while tryptophan serves as the primary substrate
for IAA biosynthesis [77]. Multiple siderophore synthesis-related genes were identified in
B. licheniformis YB06, such as entA, entB, and entC, which are key genes for the production
of high-efficiency siderophores in Gram-negative bacteria [78]. This is consistent with the
research results of Nigris et al. [79], who also found key siderophore synthesis genes in B.
licheniformis, proving its ability to produce siderophores. Flagella, the primary organelles
responsible for bacterial motility, facilitate the movement of bacteria towards favorable
growth environments and subsequent colonization [80]. Motility has been recognized as
a crucial factor in bacterial colonization [81]. Genomic analysis of B. licheniformis YB06
revealed the presence of numerous genes associated with motility, suggesting that this
strain may exhibit chemotactic behavior and possess motility capabilities. Furthermore,
genes encoding proteins involved in motility, root colonization, matrix structure, and their
regulation were identified within the B. licheniformis YB06 genome. The presence of flagellar
and swarming motility-related proteins in B. licheniformis YB06 enables the bacteria to seek
out and establish themselves in suitable environments [82]. Additionally, these proteins
may contribute to the induction of host defense responses and facilitate nutrient acquisi-
tion [83]. The collective presence of these genes is likely to significantly enhance host-plant
perception and recognition, thereby facilitating efficient root colonization and the establish-
ment of a conducive microenvironment. This, in turn, would enable B. licheniformis YB06 to
successfully colonize the plant rhizosphere and exert its plant growth-promoting effects.

4.3. Effects of Different Fertilization Conditions on Soil Physicochemical Properties and Bacterial
Microbial Diversity

To investigate the potential of B. licheniformis YB06 as a biofertilizer for enhancing
crop growth and yield, we conducted a study examining the effects of various fertiliza-
tion regimes on the structure and diversity of the rhizosphere soil bacterial community
associated with C. pilosula. A composite biofertilizer formulation with B. licheniformis YB06
as the primary active ingredient was employed, alongside commonly used agricultural
fertilizers (chemical fertilizers, nitrogen fertilizers, and biofertilizers) applied individually
and in combination. This study aimed to assess the efficacy of B. licheniformis YB06-based
biofertilizer, both alone and in conjunction with other amendments, and to compare its
performance with conventional fertilization practices. Our findings revealed significant
differences in soil physicochemical properties among the various fertilization treatments
(p < 0.05). Notably, the impact of these treatments on soil pH was minimal compared to
other physicochemical parameters. This observation may be attributed to the inherent
buffering capacity of the soil, which maintains a slightly alkaline pH. The short-term stabil-
ity of soil pH under different fertilization regimes suggests that these conditions may be
conducive to microbial colonization and plant growth [84]. All fertilization treatments sig-
nificantly increased soil salinity (p < 0.05), with the most pronounced effect observed in the
chemical fertilizer treatment. While moderate salinity levels can benefit plant growth, the
substantial increase in salinity induced by chemical fertilizer indicates a marked short-term
enrichment of soil inorganic salts, potentially promoting plant growth. However, prolonged
application of chemical fertilizers may lead to excessive salt accumulation, resulting in soil
salinization and detrimental effects on plant growth [85]. The elevated salinity levels also
corresponded to increased soil electrical conductivity, as the concentration of dissolved salts



Microorganisms 2024, 12, 1861

21 of 27

directly influences this parameter. Notably, a moderate increase in electrical conductivity,
within a certain range, has been associated with enhanced plant growth [86]. Furthermore,
no significant differences in soil moisture content were observed among the treatment
groups (p > 0.05), suggesting that short-term fertilization, while altering various soil physic-
ochemical properties, did not significantly impact soil water retention capacity. However,
previous research has demonstrated that long-term fertilization practices can exert distinct
and substantial effects on soil water-holding capacity. For instance, Zhou et al. [87] reported
that prolonged application of inorganic fertilizers alone did not significantly affect soil
water retention, whereas the incorporation of organic amendments (e.g., wheat straw, pig
manure, or cow manure) in combination with inorganic fertilizers significantly increased
the available water capacity of the soil. Recent studies have further highlighted the potential
of novel waste materials, integrating organic amendments and new materials with chemical
fertilizers, to effectively enhance soil water retention [88-90]. In contrast to the chemical
fertilizer treatment, the application of organic fertilizer, biofertilizer, or their combinations
with chemical fertilizer resulted in elevated soil pH, moisture content, total nitrogen (TN),
total potassium (TK), and soil organic matter (SOM). These findings underscore the su-
perior efficacy of integrated organic and /or biofertilizer amendments over sole chemical
fertilizer application in enhancing soil fertility. Previous research has demonstrated that the
long-term application of organic fertilizers or combined organic-microbial fertilizers can
stimulate microbial biomass and enzymatic activity, thereby improving both the quantity
and quality of SOM [91,92]. The combined application of organic and chemical fertilizers
resulted in higher levels of soil total nitrogen (TN), available nitrogen (AN), total phospho-
rus (TP), and soil organic matter (SOM) compared to the combination of organic fertilizer
and biofertilizer. This observation suggests that, under short-term fertilization regimes, the
co-application of organic and chemical fertilizers exerts a more pronounced effect on soil
physicochemical properties, while biofertilizers alone may not fully substitute for chemical
fertilizers in the short term. Microorganisms play a pivotal role in nitrogen and phospho-
rus cycling within the soil ecosystem [93,94]. Chen et al. [8] reported that B. licheniformis
SL-44, a component of microbial carbon-based preparations (BCMs), can enhance plant
photosynthetic capacity and endogenous phytohormone biosynthesis, thereby increasing
the uptake of total nitrogen (TN), total phosphorus (TP), and total potassium (TK). This
observation may partially explain the lower TN, AN, TP, and SOM levels observed in our
study following the combined application of biofertilizer and bacterial agents, compared
to the combination of chemical and biofertilizers. Conversely, the higher available phos-
phorus (AP) content in the biofertilizer and bacterial agent treatment can be attributed
to the phosphate-solubilizing activity of the functional bacteria, which convert insoluble
soil phosphorus into plant-available forms [95-97]. This finding aligns with the recent
discovery of James et al. [98], who isolated a phosphate-solubilizing strain of B. licheniformis
N]J04, which facilitates plant utilization of insoluble soil phosphate. Gomez-Ramirez and
Uribe-Velez [99] similarly observed that their selected Bacillus strains exhibited tricalcium
phosphate solubilization, phytate mineralization, and phosphate release from rice straw
(RS) in vitro, resulting in a two-fold increase in plant phosphate uptake. Taken together,
our findings highlight the potential of biofertilizers to enhance the bioavailability of ni-
trogen and phosphorus, thereby promoting plant growth. However, further research is
warranted to elucidate the long-term impacts of combined biofertilizer and organic fertilizer
application on soil physicochemical properties.

The application of different fertilizers resulted in a significant increase in the number
of operational taxonomic units (OTUs) across various taxonomic levels (phylum, class,
order, family, and genus), with the highest OTU richness observed in the combined organic
fertilizer and biofertilizer treatment. This finding suggests a high degree of compatibility
between biofertilizers and organic fertilizers, with their synergistic interaction promoting
soil bacterial diversity. Lili et al. [100] reported that the combined application of bio-organic
fertilizers and microbial agents significantly enhanced tomato growth, yield, and quality,
particularly during the mid-to-late fruiting stages. Similarly, Liu et al. [101] demonstrated
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that the combined use of biocontrol agents L-25 and L-9 with organic fertilizers effectively
suppressed bacterial wilt disease by modulating the soil microbial community structure.
The analysis of soil bacterial o-diversity under different fertilization regimes revealed that
organic fertilizer application enhanced the resilience of soil microbial communities com-
pared to chemical fertilization alone. The addition of CFOF (chemical fertilizer + organic
fertilizer) and NF (nitrogen fertilizer) significantly increased bacterial diversity and richness.
However, the OFBOF (organic fertilizer + biofertilizer) treatment exhibited a significant de-
crease in both diversity and richness. This reduction may be attributed to the dominance of
the introduced probiotic bacteria, which could outcompete native species for resources and
space or potentially exert antagonistic effects on certain bacterial taxa, thereby diminishing
overall community diversity and richness [102]. The principal coordinate analysis (PCoA)
revealed that fertilization regimes significantly altered the bacterial community structure
within the C. pilosula rhizosphere. Comparison of the different fertilization treatments
indicated that the use of bio-organic fertilizer was the determining factor in driving shifts
in the rhizosphere soil bacterial community composition. Across all fertilization treatments,
Acidobacteriota, Proteobacteria, Gemmatimonadota, Actinobacteria, and Chloroflexi emerged
as the predominant bacterial phyla. Notably, the relative abundance of Deitaproteobac-
teria (a class within Proteobacteria) increased most significantly following the combined
application of biofertilizer and organic fertilizer. Previous studies have identified Pro-
teobacteria, Actinobacteria, and Firmicutes as the dominant plant growth-promoting bacterial
groups in soils cultivated with cucumber, corn, and ryegrass [103]. Additionally, del Barrio-
Dugque et al. [104] reported that interactions between endophytic Proteobacteria strains and
Serendipita indica enhanced biocontrol activity against fungal pathogens. Members of the
Chloroflexi phylum are known to participate in organic matter decomposition, nitrogen
removal, and biofilm formation, with their roles varying depending on environmental
conditions [105]. Acidobacteriota, a phylum of slow-growing oligotrophic bacteria, are often
suppressed by the increased nutrient availability resulting from the application of micro-
bial agents [106]. Conversely, Actinobacteria, a group of copiotrophic bacteria that thrive
in nutrient-rich environments, exhibited the highest abundance under nitrogen fertilizer
treatment, likely due to the increased nitrogen and carbon availability [107]. The observed
enrichment of other potentially beneficial microorganisms in the C. pilosula rhizosphere
may be attributed to the suppression of soil-borne pathogens and the re-establishment
of a balanced microbial community structure. Numerous studies have reported that the
dynamics of rhizosphere microbial communities are influenced by various soil proper-
ties, such as soil pH, nitrogen, and water conditions [108]. Our study revealed a positive
correlation between soil pH and bacterial communities, with near-neutral soil pH suggest-
ing that the application of organic fertilizer can mitigate soil acidification. Soil AN, pH,
TN, and TP emerged as the most critical environmental factors affecting the abundance
of bacterial phyla in the rhizosphere. Consequently, key management and monitoring
indicators for fertilization should prioritize the regulation of AN, pH, TN, and TP. Both
existing research and our experimental results demonstrate that biofertilizers, particularly
those containing B. licheniformis as the functional microbe, can modulate soil pH, enhance
the release of inorganic salts from fertilizers, and improve nutrient uptake by plants. This,
in turn, modifies the AN, TN, and TP indices in the soil and influences the abundance of
rhizosphere bacteria.

5. Conclusions

This study focused on B. licheniformis YB06, a potential plant growth-promoting rhi-
zobacterium (PGPR) isolated from the rhizosphere soil of healthy C. pilosula plants. We
employed a multi-faceted approach, including phenotypic characterization, genomic analy-
sis, and experiments, to investigate its growth-promoting capabilities and the underlying
mechanisms. Our findings demonstrate that B. licheniformis YB06 is a potent PGPR with
multiple growth-promoting mechanisms, including the production of indole-3-acetic acid
(IAA), siderophores, and 1-aminocyclopropane-1-carboxylate (ACC) deaminase, as well
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as the ability to fix nitrogen. These results highlight the potential of B. licheniformis YB06
as a biofertilizer for enhancing crop growth and development. Furthermore, we explored
the effects of different fertilization regimes, incorporating a B. licheniformis YB06-based
biofertilizer alongside organic and chemical fertilizers, on the diversity and composition of
the C. pilosula rhizosphere microbiome. Our results revealed distinct impacts of various
fertilization practices on soil physicochemical properties and microbial diversity, providing
valuable insights into the complex interactions between microbial communities and agri-
cultural management practices and contributing to a deeper understanding of the intricate
responses of microbial diversity to microbial inoculants.
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